The effect of Pb in La 3 Te 4−x Pb x on the thermoelectric properties in the temperature range 300-1100 K was studied on samples synthesized by the melting, ball milling and hot-pressing method. The samples crystallize in the Th 3 P 4 structure. A small amount of Pb substitution for Te in La 3 Te 4 reduced the electrical conductivity, but the impurity phase introduced by more Pb significantly enhanced the electrical conductivity. The electrical conductivity of the La 3 Te 3.6 Pb 0.4 sample reached 2.06 × 10 5 S m −1 at room temperature. The expansion of crystal lattice confirmed from x-ray diffraction patterns and the slight reduction in electrical conductivity all verify the fact that Pb substitutes a Te site when x is small. The Seebeck coefficient increases linearly with temperature for all samples. While the thermal conductivity varies slightly with temperature, the lattice thermal conductivity approaches the minimum value at high temperatures. For La 3 Te 3.7 Pb 0.3 , a power factor of 1.4 × 10 −3 W m −1 K −2 at 1100 K was achieved with a thermal conductivity of 1.86 W m −1 K −1 , giving a maximum figure-of-merit ZT ≈ 0.8 at 1100 K.
Introduction
In the twenty-first century one of the greatest challenges is unquestionably the energy and environmental problem. In response to the needs of modern society and emerging ecological concerns, it is now essential that a new, lowcost and environmentally friendly energy system has to be implemented. Thermoelectric materials, which can be used to convert heat into electricity through the Seebeck effect or can be used for refrigeration or cooling through the reverse Peltier effect, could play an important role in a global sustainable energy solution. The solid-state devices made of thermoelectric materials are silent, reliable and scalable [1] , which makes them ideal for small distributed power generation systems. The efficiency of thermoelectric materials is determined by the thermoelectric figure-of-merit ZT = (S 2 σ/κ)T , where S, σ , κ and T are the thermopower (Seebeck 3 Authors to whom any correspondence should be addressed. coefficient), electrical conductivity, thermal conductivity and absolute temperature, respectively. High-efficiency thermoelectric materials require a large Seebeck coefficient, high electrical conductivity and low thermal conductivity. Enhancing ZT is challenging because of the interdependence of physical parameters that define it.
Low efficiency has precluded thermoelectric materials from large scale implementation.
Much effort has been devoted to the search for new materials with high thermoelectric efficiency over the past few decades. Nanotechnology is currently actively adapted to fulfil this purpose [2] and the efficiency has been proposed to be much higher in low-dimensional materials [3] . Many examples have shown encouraging progress, including BiSbTe [4] , AgPb m SbTe 2+m materials [5, 6] and Bi 2 Te 3 nanocomposites [7] .
All these reports confirm the vital function of nanostructure in the enhancement of ZT. In addition, electronic band convergence was applied to increase valley degeneracy, and high-performance PbTe 1−x Se x alloys were obtained [8] . And multiple-filled CoSb 3 [9] got a maximum ZT of 1.7 through the independent optimization of electrical and thermal transport properties. Many studies have shown the promising future of high-performance thermoelectric materials.
Lanthanum telluride and other rare-earth chalcogenides with the Th 3 P 4 structure have been studied over several decades as potential high-temperature thermoelectric materials. Lanthanum telluride is defined as the most promising thermoelectric material of the rare-earth chalcogenides examined in Wood's paper [10] . The phase of interest, La 3−z Te 4 , has a Th 3 P 4 structure (space group I −43d) with defects, where z is the lanthanum vacancy with values ranging between 0 and 1/3. This means up to 1/9 of the lanthanum sites can be vacant. The Th 3 P 4 structure with a large number of atoms per unit cell facilitates low thermal conductivity values. The carrier concentration of the La 3−z Te 4 compound can be tuned easily by changing the z value. However, the research and application of La 3−z Te 4 -based thermoelectric materials are limited by their current preparation methods. To perform a thorough investigation of one kind of material, it is essential to have a synthesis technique that allows for preparation of homogeneous samples with desired compositions. Moreover, thermoelectric properties are intimately related to the specific sample preparation techniques that have been used. But there are many challenges associated with the synthesis of uniform La 3−z Te 4 compounds. According to the phase diagram [11] , La 3 Te 4 melts at ∼1786 K; this makes the traditional melting process difficult. Previous investigations, which involved a high-temperature melting method [12] , required the use of special crucibles like Ta or W, as well as cumbersome machinery. Ramsey et al [11] used a vacuum induction furnace for melting (∼2000
• C) followed by ∼2 weeks of annealing to get the desired phase and investigated the lanthanum-tellurium phase diagram. The past five years have witnessed great progress in the research of La 3−z Te 4 thermoelectric materials. May et al [13] used a mechanochemical process to obtain the desired phase at room temperature, which significantly reduced the risk of oxidation and tellurium loss. By their method, a ZT max ∼ 1.1 at 1275 K was achieved. In addition, substitution to the La-site [14] and Te-site [15] has also resulted in a modest improvement in ZT.
For La 3−z Te 4 , La vacancy can be used to obtain low lattice thermal conductivity but Anderson localization [16] will affect the electron mobility. Advanced La 3 Te 4 -based thermoelectric materials developed so far have achieved their high values of ZT, mainly through the manipulation of carrier concentration [13] [14] [15] . However, scant attention seems to be paid to the investigation of the microstructure of La-Te compounds. Previous research works [5, 17, 18] on thermoelectric materials all prove the substantial impact of microstructure on the electrical and thermal properties. In this paper, La 3 Te 4−x Pb x compounds were successfully synthesized by the melting, ball milling and hot-pressing method. The microstructure and the effect of Pb dopant on thermoelectric properties were systematically investigated. The melting and ball milling process is beneficial to yield homogeneous products, and dc hot pressing can reach very high temperatures and provide regularshaped compact samples in a very short duration. A maximum ZT ≈ 0.8 was achieved at 1100 K for La 3 Te 3.7 Pb 0.3 . The ZT curve has a positive temperature coefficient, promising even larger values at higher temperatures. −6 mbar) at ∼1373 K for 15 h and then the furnace was switched off for natural cooling. In order to avoid reaction between the rare-earth element and the quartz tube, a thin layer of carbon was deposited on the inner side of a roundbottomed quartz tube by the pyrolysis of acetone. The obtained ingot was loaded into a stainless steel milling jar with stainless steel balls, and then subjected to ball milling on a high-energy ball mill SPEX 8000D (SPEX SamplePrep) for 4 h. The asmilled powders were then loaded into a graphite die with an inner diameter of 12.7 mm and pressed using a dc hot press at 1250
Experimental procedures
• C for 2 min. The loading process was performed inside a glove box filled with argon gas.
The phase structure was analysed by x-ray diffraction (Bruker-AXS D8 with Cu K α radiation, λ = 1.5406 Å). The microstructure of the fractured surface was characterized by a scanning electron microscope (JEOL 6340F). The thermal diffusivity (D) was directly measured in argon atmosphere from room temperature to ∼1073 K using the laser flash system (NETZSCH LFA457). The specific heat (C p ) was measured by a differential scanning calorimeter (DSC 200-F3). The thermal conductivity (κ) was calculated using the equation κ = DC p ρ, where ρ is the volumetric density of the sample, which is calculated using the sample dimensions and mass. Electrical conductivity and thermopower were measured simultaneously in helium atmosphere from room temperature to 1073 K (ULVAC-RIKO ZEM-3). The electrical conductivity was determined by a reversed dc current fourpoint method, while the Seebeck coefficient was determined by the slope of the voltage versus temperature difference curve based on a static temperature difference method.
Results and discussion
All the hot-pressed samples showed clear Bragg peaks of the [19] . The volumetric density of all these samples shows an increasing trend with Pb content. This might be due to the effect of sintering function of Pb during the hot-pressing process.
According to the phase diagram [11] , the system La-Te has five kinds of intermediate phases, which are LaTe, La 2 Te 3 , La 3 Te 4 , LaTe 2 and LaTe 3 . The composition of interest for La 3−z Te 4 lies between atomic 57.14% and 60% Te. On the left-hand side of this region, a eutectic reaction exists, which requires very high quenching rates during solidification. On the right-hand side, a peritectic reaction happens, which means extensive annealing is needed to produce a homogeneous sample. But, the high-temperature (∼1600
• C) melting process is time consuming, and troublesome. On the other hand, mechanical alloying has recently gained popularity as a method to produce thermoelectric materials [4] , in which the diffusion length for reaction was dramatically reduced. In this study, the melt process was combined with mechanical alloying, which is proved to be successful in producing homogeneous single-phased La 3 Te 4 compounds. The melting temperature of La 3 Te 4 is 1373 K, which is higher than the melting point of all constitutional elements. The boiling point of Te is 1261 K. After the melting and ball milling treatment, the elements were extensively mixed and alloyed. The consequent hot pressing just triggers further reactions to form a fully alloyed compound. Figure 2 shows the microstructure of the fractured surface of the La 3 Te 4−x Pb x samples. From the SEM images, all samples were found to have some randomly spaced pores. The size of these pores ranges from 50 to 150 nm. These dimensions may be beneficial to the scattering of longer wavelength phonons [20] , which possibly, at least partially, contributes to the observed low thermal conductivity. In order to detect the element distribution, EDS mapping was carried out for the sample with x = 0.4. It is found that all the three elements were distributed homogeneously, and no obvious segregation was found in the matrix. The sample compositions detected by EDS were quite consistent with the starting compositions. as a result a maximum carrier density of 4.5 × 10 21 cm −3 is achieved [10] . After Pb substitution, two additional electrons are required to fulfil the valence of Pb compared with Te, which reduces the number of free electrons. From the analysis of XRD data, it is also obvious that Pb substitution enlarges the lattice parameter (a = 9.634 Å for x = 0; a = 9.644 Å for x = 0.1; a = 9.660 Å for x = 0.2), which is a further proof that Pb atoms enter the lattice and occupy the Te sites. But for x 0.2, electrical conductivity increases with increasing Pb content. Further increase in electrical conductivity is attributed to the occurrence of impurity phases, which may help in increasing the population of free electrons. These extra electrons may further increase the electrical conductivity. The electrical conductivity of the sample with nominal composition x = 0 is lower than the previously reported data [13] , possibly due to the different sample preparation method. The rare earth chalcogenides are generally very refractory and very sensitive (especially in the powder form) to oxygen or water vapour [12] . Both these characteristics contribute to the difficulty in producing a pure single-phase sample of uniform composition.
The Seebeck coefficient increases linearly with temperature for all samples. In the case of a highly degenerated semiconductor, the Seebeck coefficient is expected to increase linearly with temperature and has an n −2/3 dependence according to equation (1), in which, r is the characteristic 'scattering constant' peculiar to a particular scattering process, which is related to the energy dependence of the electronic scattering distance [21] . In a heavily doped extrinsic semiconductor, the increase in temperature may not lead to a significant increase in the carrier concentration, which is fixed to the dopant concentration. Therefore, the Seebeck coefficient increases linearly with temperature.
The power factor PF (PF = S 2 s) can be increased by tuning the Fermi level (by changing the carrier concentration) and increasing the temperature [3] . The maximum power factor of ∼1.4 × 10 −3 W m K −2 was observed at ∼1100 K.
The thermal properties are shown in figure 4 . Figure 4 (a) presents the heat capacity values for all samples. Compared with the previously published data [13] , the present samples have similar values of heat capacity. For La 3 Te 4 , the DulongPetit limit is 0.188 J g −1 K −1 , which is slightly lower than the heat capacity value observed (0.195 J g −1 K −1 at room temperature). As shown in figure 4(c) , the total thermal conductivity varies slightly with temperature. The total thermal conductivity is the sum of contributions of electronic thermal conductivity (κ e ) and the lattice thermal conductivity (κ L ). The electronic part, reflecting the contribution of the carriers in the heat conduction process, is quantified through the Wiendemann-Franz law, which simply states that κ e = Lσ T , where L is the Lorenz number [22] . The Lorenz number L on the basis of Fermi-Dirac statistics is as follows:
where r is the scattering factor, k B is the Boltzmann constant, e is the electron charge, F r (ξ ) is the Fermi integration and ξ is the reduced Fermi energy (ζ /k B T ) · L was estimated by equation (2) for the acoustic phonon scattering of r = 0 and Fermi energy ξ calculated using the following equation (3) using the measured S. Lattice thermal conductivity was calculated and is presented in figure 4(d) .
The total thermal conductivity κ exhibits a peak due to the opposing variation of κ L and κ e . For highly degenerated semiconductors, at a given temperature, the electronic thermal conductivity κ e and electrical conductivities σ are proportional (Wiendemann-Franz law), but raising the temperature increases the electronic thermal conductivity, while decreasing the electrical conductivity (as shown in figure 3(a) ). The heat and electrical transport, both involve free electrons. The average particle velocity increases with the increase in temperature.
The lattice thermal conductivity of all samples shows a clear trend of reduction as a function of temperature, as shown in figure 4(d) . With the average inter-atomic spacing and the velocity of sound known, we estimated the minimum lattice thermal conductivity κ min of La 2.81 Te 4 and plotted it in figure 4(d) as a function of temperature. The minimum lattice thermal conductivity was calculated by equation (4) . The thermal conductivity resulting from the random walk between these localized quantum mechanical oscillators can then be written as the following sum of three Debye integrals [23] :
The sum is taken over the three sound modes (two transverse and one longitudinal) with speeds of sound v i ; θ i is the cutoff frequency for each polarization expressed in kelvin,
and n a is the number density of atoms. For La 2.81 Te 4 , the longitudinal speed of sound v l and transverse speed of sound v t are 3580 m s −1 and 2010 m s −1 , respectively, according to [13] . The lattice thermal conductivities of the samples with x = 0.2 and x = 0.3 are quite comparable to the minimum lattice thermal conductivity of La 2.81 Te 4 . Previous reports [15] confirmed the positive role of La vacancies in scattering phonons and reducing lattice thermal conductivities. La 3 Te 4−x Pb x samples with nominally vacancy-free compositions possess comparable low lattice thermal conductivity. This may be caused by the randomly spaced pores, which are shown in figure 2 . A decreased κ L improves the thermoelectric performance by minimizing the parasitic heat transport along the device, and consequently permitting more efficient conversion of heat to electricity [3] .
The ZTs calculated from the above data are shown as a function of temperature in figure 5 . The ZT values increase with increasing temperature for all samples. Sample La 3 Te 3.7 Pb 0.3 shows a maximum ZT of ∼0.8 at 1100 K with still a positive temperature coefficient, promising even larger values at higher temperatures. We did not measure beyond 1100 K for the purpose of protecting the measuring system.
Conclusions
In this paper, thermoelectric materials La 3 Te 4−x Pb x were prepared by the melting, ball milling and hot-pressing method. All samples crystallize in the Th 3 P 4 structure. Microstructure study found the existence of randomly distributed pores in all samples. A small amount of Pb substitution (x < 0.2) for Te in La 3 Te 4 reduces the electrical conductivity, but the impurity phase introduced by more Pb (x > 0.2) increased the electrical conductivity. The electrical conductivity of the La 3 Te 3.6 Pb 0.4 sample reached 2.06 × 10 5 S m −1 at room temperature. For La 3 Te 3.7 Pb 0.3 , a power factor of 1.4 × 10 −3 W m −1 K −2 at ∼1100 K was achieved with a total thermal conductivity of ∼1.86 W m −1 K −1 , giving a maximum ZT of 0.8 at 1100 K.
